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How to have better solar receivers,

which are cheaper, have longer lifetime, and are more efficient?

we have improved material knowledge determination

thanks to better instrumentation,

both in lab and in-situ at RI CSP facilities.

in



Solar receivers operation and lifetime
better optical temperature measurements,

better thermomechanical knowledge

Improving laboratory and
field emissivity determination,
methods and instruments

Mechanical health Optical properties
Monitoring receiver material
degradation thanks to self
emitted acoustic events

Thermography
Determining linear collectors
temperature, hence vacuum
losses, from UAV and IR cam

Accelerated aging
Improved test benches to
observe receiver degradation,
materials and properties



Mechanical health • Listening to faults inside the components

• Solar setup to assess material and 
components mechanical lifetime

• Improved monitoring self emitted acoustic 
events (AE) and temperature evolution

• Method improved to localize events

• Method improved to identify events 

• In some cases: now capable of 
failure prediction (AI)



Mechanical health: AE+AI
2.2 Microscopie électronique à balayage

(a) (b)

(c)

Figure 2.6 – Clichés au MEB de la section cassée, (a) échantillon 8697-33 (CEA 0,
100 µm), (b) échantillon 8675-54 (CEA 0, 50 µm), (c) échantillon 8675-24 (CEA 1, 100 µm),
on remarque en (a) présence de SiC en haut à droitre (phase sombre entourée de phase
claire), en (b) la présence de striation, en (c) la présence d’un grand nombre de fissures
dans la phase claire (siliciure).
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Figure 2.4 – Métallisation d’un échantillon.

Tous les échantillons montrent deux phases dans la brasure. La phase claire correspond
au siliciure tandis que la phase plus foncée correspond à du silicium [2]. On remarque
que, globalement, la phase claire est très présente au niveau des interfaces.

On remarque sur certains clichés (exemple figure 2.6a) la présence de SiC. Cela est dû
au fait que la rupture a traversé l’interface. On peut aussi noter la présence d’un grand
nombre de fissurations dans certaines parties de la phase de siliciure (figure 2.6c), ainsi
que la présence de striation (exemple figure 2.6b). On retrouve de la striation dans tous
les échantillons.

(a) (b)

Figure 2.5 – Clichés au MEB de la grande face, échantillon 8675-22 (CEA 1, 100 µm),
en (a) on remarque la présence de deux phases, en (b) on remarque que la rupture a
traversé l’interface.
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Microstructural
damages analysis

Thermomechanical characterization of brazed SiC assemblies for receivers of CSP plants
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Figure 8: Overview of rupture conditions using four-point
bending tests: stress and strain at the instant of rupture against
braze width.

This preliminary study confirms the results of previous
studies [31]. It also shows that acoustic emission allows to
identify two distinct damage mechanisms, but these results
were obtained using a four-point bending load under labora-
tory conditions. The main experiment (section 2.2) allows
us to investigate the behavior of these materials during
solicitations closer to the real conditions of a solar receiver.

3.2. Thermomechanical tests
3.2.1. General behavior

In this section, we analyze the general thermomechanical
behavior of the samples with respect to acoustic emission
during tests on the IMPACT test bench.

Figure 9 shows the results obtained during a cycle of
type I in first experimental campaign (see fig. 4), taken
as a representative example of the general behavior of the
material. The temperature at the center of the irradiated
face of the sample (measured with the pyrometer) is shown
in black. The blue dots represent the recorded acoustic
emission bursts. The red vertical line indicates the instant
of rupture of the sample. The phenomena that generate the
bursts are di�erent after the breakage (friction between the
pieces of sample) and the rupture may modify sensor-sample
coupling quality, so it was chosen not to take them into
account in the detailed analysis of the bursts.
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Figure 9: Example of thermomechanical test: bursts and
temperature against test time.

Figure 10 shows the temperature and bursts recorded
before rupture for one during a cycle of type V in first ex-
perimental campaign (see fig. 4) and the cumulative bursts.
It can be seen that three zones can be distinguished:

• in light blue: the cooling of the sample,

• in dark blue: the heating to the maximum temperature
previously reached during the cycle,

• in white: the heating of the sample above the maxi-
mum temperature previously reached.

It can be seen that the acoustic activity is higher in the
white areas than in the light blue areas and is absent in
the dark blue areas. The internal stresses of the sample are
due to the temperature variations of the sample. Acoustic
activity therefore only occurs when the stress level exceeds a
previously achieved level. This phenomenon, well known in
acoustic emission, is called the Kaiser e�ect [51]. It reflects
the fact that there is no healing e�ect of the material when
the stress is released.
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Figure 10: Highlighting of the Kaiser effect.

The temperature of the sample center at the time of
rupture is represented in fig. 11 as a function of thickness
and braze type. It can be seen that for a thickness of 50 µm
the CEA 1 braze is able to withstand higher temperatures
than the CEA 0 braze. However, for larger thicknesses, large
disparities in the data make it impossible to determine a
general behavior.

Figure 12 shows the temperature di�erence �T between
the sample center and the sample edge (obtained by model-
ing), at the time of rupture, as a function of braze thickness
and type. It can be seen that �T tends to decrease with
increasing braze thickness, regardless of the braze type.
Furthermore, it can be seen that, compared to the braze
CEA 0, the braze CEA 1 seems to withstand higher tem-
perature gradients. This di�erence in performance can be
explained by the di�erence in the coe�cient of expansion
of the di�erent braze components (see fig. 6).

3.2.2. Rupture signal identification
We can see on fig. 13 that the bursts that were gen-

erated when the samples broke have the largest amplitude
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Figure 11: Temperature of the sample center at the time of
rupture.
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Figure 12: Temperature difference between sample edge and
sample center at the time of rupture.

and duration. The signal from these bursts is saturated, so
the amplitude estimation for the bursts from the rupture is
incorrect: the true amplitude is larger, but it is impossible
to quantify in what proportion. Figure 13 presents further
information: it can be seen that at the moment of rupture
there is a large release of energy represented by the step in
the cumulative absolute energy curve. These characteristics
correspond to the acoustic signature of a rupture.

3.2.3. Acoustic event localization
Figure 14 shows the acoustic events that were located

during a test. Location is achieved by triangulation using six
sensors, numbered C1 to C6. The average error in locating an
acoustic event is 3.8 mm [39]. It can be seen that the acoustic
event corresponding to the rupture was located under the
kaleidoscope (symbolized by a white square). In addition,
the other acoustic events were located along the crack. On
the other samples, the acoustic event corresponding to the
rupture was always located near the edge of the kaleido-
scope, which is the zone where the temperature gradient is
maximum. This result also shows that the braze is the weak
point of these assemblies.

3.2.4. Discrimination of burst populations
Figure 15a presents the typical amplitude-duration graphs

of tests leading to the rupture of the sample. We notice that
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Figure 13: Acoustic signature of a rupture. Top: bursts
amplitude, middle: burst duration, bottom: cumulated absolute
energy. The vertical red line represent the instant of rupture.
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Figure 14: Bursts localisation on a broken sample. The white
square is the kaleidoscope.

two populations of bursts are present, highlighted in green
and red respectively. The braze type does not seem to have
any e�ect on the quantity of bursts emitted or the distribution
of bursts within the populations: the population whose bursts
have a shorter duration systematically has fewer bursts. The
bursts highlighted in fig. 15a have been highlighted in the
same color in fig. 15b. Both the amplitude-duration and
RA-average frequency plots discriminate the same burst
populations. However, we note that the discrimination of
populations is more evident in the average frequency-RA
graph. Similarly to fig. 15a, the bursts generated by Hsu-
Nielsen tests are included in the red population: the latter
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AI to ID events and failure: 
specific burst count & fault ID
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material (fig. 6) induce complex constraints. We therefore
find a more complex rupture mechanism with more micro-
cracking in mode II and friction within the micro-cracks.

Figure 17 represents the distribution of bursts before
rupture for four-point bending and thermomechanical tests,
obtained after a classification similar to the one presented in
figs. 7 and 15. It shows that, for mechanical tests, populations
A and B are of the same size, whereas for thermomechanical
tests population B is way larger than population A. This
result is consistent with the stress distribution within the
samples (due to the temperature field) during the thermo-
mechanical tests. Note also that there are are large number
of bursts that are not classified in either population A or B:
that may point to a third damage mechanism that has not
been identified.
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(206 bursts)

Thermomechanical tests
(1087 bursts)
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Figure 17: Distribution of bursts before rupture for four-
point bending and thermomechanical tests, obtained after a
classification similar to the one presented in figs. 7 and 15.

5. Conclusion
This study has allowed us to characterize the thermome-

chanical behavior of brazed SiC assemblies and to improve
our understanding of the rupture mechanisms. Indeed, at
least two damage mechanisms have been identified using
acoustic emission: micro-cracks in opening and in shearing.

The main conclusions of this study are that the strength
of assemblies depends on the thickness and type of solder.
However, thermally induced stresses are mainly due to the
temperature gradient across the braze. To create a receiver, it
is therefore advisable to reduce brazing thickness as much as
possible (less than 50 µm if possible), to use CEA 1 brazing
alloys and, above all, to limit the temperature gradient within
the brazing alloys as much as possible.

Finally, it would be interesting to improve the classifica-
tion of bursts using e.g. a multi-criteria analysis, assisted by
artificial intelligence tools, to determine whether there is any
other type of damage.
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AI: events location

3 Analyse des résultats

3.3 Émission acoustique

L’analyse des signaux d’émission acoustique met en exergue plusieurs types de salves.
En e�et, on remarque des salves de types explosives (burst exemple figure 3.4) ainsi
que des salves de type continues (exemple figure 3.3). En proportion, la présence des
salves de type explosives est beaucoup plus importante que celle de type continue. Cela
peut s’expliquer par la présence d’une faible déformation permanente : les salves de type
explosive apparaissent lors de l’avancé de la microfissuration alors que celles de type
continue apparaissent lors de frottement au sein des microfissures. Ce dernier phénomène
est plus rare que l’avancé de la microfissuration.

Figure 3.3 – Salve de type continue pour l’échantillon 41 (CEA 1 - 50 µm).

Figure 3.4 – Salve de type explosive pour l’échantillon 22 (CEA 1 - 100 µm).

On remarque aussi que sur certains échantillons (exemple figure 3.5) la fréquence
centroïde des salves augmente au fur et à mesure de l’expérience. Ceci ne peut pas
être généralisé car ce phénomène n’est pas présent dans la majorité des échantillons
(exemple figure 3.6). On remarque cependant que l’énergie absolue des salves à tendance
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AI: differentiate
mechanisms



Thermography for linear receivers 

• Determine tube collectors performance:
collector efficiency and vaccum-loss

• Improved tube collectors temperature
measurements by infrared camera from UAV

• Laboratory and outdoor campaigns to
determine and qualify improved models
including parasitic meteorological bias
correction and evaluation



Thermography for linear receivers 
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of tube temperature-vacuum partial pressure conditions as shown in the 
Fig. 5, where the relative error of the outdoor measurement with respect 
to the laboratory measurement and the variation of the meteorological 
variables monitored in the tests has been represented in different graphs 
for the temperature range from 200 ◦C and 300 ◦C. In this way, it can be 
seen that if the error is higher than the average in a test, its cause may be 
the influence of the meteorological variables. It has been observed that 
the relative humidity does not have a great impact on the measurements 
because the humidity recorded during the campaign were not high, but 
rather low and stable in all the tests. Therefore, there has been little 

water vapour in the atmosphere to influence the measurements, so it is 
certainly not possible to determine if humidity influences the mea-
surement due to the characteristics of this parameter at the PSA site 
during the trials, usually with a generally low relative humidity (RH) 
environment for most of the year. Atmospheric pressure (P), DNI and 
ambient temperature (T) have remained relatively constant in the tests 
and have not been found to have a major influence on the measurement. 
It should also be noted that some factors introduced by these variables 
that may affect the measurement have been considered in the reflected 
temperature used in the measurement. It has also been seen, especially 

Fig. 4. Temperatures of the glass envelope taken in the laboratory and outdoor with the IR camera and relative error of these measurements. The value for the 
horizontal axis of each bar means the absorber temperature (200 ◦C or 300 ◦C) and the Vacuum Pressure is the second data. Both values are separated in the bars 
by semicolons. 

Fig. 5. Error of the outdoor glass envelope temperature measured with the IR camera compared to the measurements obtained in the laboratory and influence of 
meteorological variables on error. Where RH is the Relative Humidity, W10 is the wind speed at 10 m, W12 is the wind speed at 12 m, P is the atmospheric pressure, 
Wdir is the wind speed direction, DNI is the Direct Normal Irradiance and T is the ambient temperature. 

M.E. Carra et al.                                                                                                                                                                                                                                
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Figure 56. Experimental apparatus for determining the effect of the distance between 
the camera and the source on the temperature measurement with infrared cameras.  

3.2.1.3. Description of the outdoor set-up 

 An outdoor experiment was carried out at PSA to validate the application of the 

surface temperature method in a real PTC power plant. The aim was to compare the 

outdoor results with those obtained in the laboratory, to assess the impact of 

meteorological variables on measurements, and to make the necessary corrections 

for accurate evaluation of vacuum losses and predictive maintenance of the 

collectors. 
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3.1.4.2. Test cases creation 

3.1.4.2.1.Create Real Cases  

The starting point for the creation of test data is to get a set of operating conditions, 

(Tabs, Tair, Tsky, vwind). To do so, a matrix with randomly and homogeneously distributed 

values is created. This matrix is multiplied by the resolution of the input parameters 

(Table 12), so an operating condition matrix is created (node 1 in Figure 54). Later, 

Tgl is calculated for each operating condition and the expected tube status. Finally, 

all parameters are put together to create a real case (node 2 in Figure 54). 

3.1.4.2.2.Create Measurements 

In order to provide deviations from the real cases and validate the accuracy of the 

classification method, a set of different measurements is generated using the 

uncertainties of each parameter (Table 13). In addition, a randomly created noise 

matrix is added (node 3 in Figure 54).  

3.1.4.2.3.Find Results 

Both the measurement data and the LUT values are normalized using the search 

interval or range of each parameter. This allows for the searching method to be 

applied and finally a prediction of the receiver status is provided (node 4 in Figure 

54). 

 
Figure 54. Flow diagram of the procedure to create synthetic test cases (left box) and 

identification of receiver status (right box). 
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Boundary conditions Measurement 
Average wind velocity 6.03 m/s 
Ambient temperature 13 °C 
Reflected temperature 13 °C 

Three different camera – receiver tube distances were tested, i.e. 2.0, 4.0 and 6.5 m. 

At each distance, cameras were focused by hand. For each IR image, a measurement 

area of 10 x 10 pixels was defined in the postprocessing. This area was located in the 

middle of the receiver tube and next to the temperature sensors in order to compare 

both cameras (Figure 2). In addition, the temperature range in each image is fixed 

from 30 °C to 50 °C, and an emissivity of the borosilicate glass of eps = 0.86 was 

considered. The assessment of results and conclusions are on track. 

 

   
Figure 65. Pt100 and thermocouple type K used to measure the glass envelope tube 

temperature (left); recording of fluid and receiver temperatures by means of an 
ALMEMO 2890-9 data logger every 5 s (right).  
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Figure 66. Measurement area of 10 x 10 pixels located in the middle of the receiver 
tube and next to the temperature sensors (above); IR image of the area of analysis 

(below). 
 

 



Accelerated ageing
• Two setups improved to determine solar 

receivers lifetime:

• One setup for molten salt tubes

• One setup for flat samples and assemblies

• Different thermal stresses possible

• Different analysis developed
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As results of a solar ageing test campaign (Figure 26), Figure 27 shows the aging 

condition map of the tube sample tested in the test bench, the maximum temperature 

value, as a function of temperature gradient across the irradiated wall (temperature 

difference internal-external tube wall) for different solar fluxes. As can be seen, the 

aging condition are in the range of solar tower receiver’s operating conditions; 

temperatures between 500-850ºC, solar fluxes up to 450 kW/m2 and a temperature 

difference across the wall up to 90ºC. 
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Figure 26. a) Typical solar flux and temperature spatial distribution on a tube. 
b) Typical stress spatial distribution calculated with a thermomechanical FEM model 

of the tube sample. 
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1. Improvement of CNRS Solar 
Accelerated Aging Facility (SAAF)  

1.1. SAAF description and limitations 
The Solar Accelerated Aging Facility (SAAF) installed at PROMES-CNRS laboratory in 

Odeillo allows applying constant or cyclic concentrated solar fluxes on samples to 

test their aging behavior and durability (Figure 1).  

 

  

Figure 1. Solar Accelerated Aging Facility (SAAF) 



Accelerated ageing
Flux sensors intercomparison to compare 
calibration and sensor technology behavior.

• Directionality and beam size sensitivity

• Spectral calibration correction



Solar receivers operation and lifetime
better optical temperature measurements,

better thermomechanical knowledge

Improving laboratory and
field emissivity determination,
methods and instruments

Mechanical health Optical properties
Monitoring receiver material
degradation thanks to self
emitted acoustic events

Thermography
Determining linear collectors
temperature, hence vacuum
losses, from UAV and IR cam

Accelerated aging
Improved test benches to
observe receiver degradation,
materials and properties



Optical properties: emissivity
Emissivity is the key optical parameter which
characterize the collection of solar energy by
the solar receivers, and also allows to
measure remotely its temperature
distribution with an infrared camera.

Better emissivity knowledge leads to:
• Better receiver efficiency as it is operated

closer to its maximum temperature,
• Better receiver lifetime as its optical status

is monitored closely.



Toward in-field emissivity determina?on for central receiver systems

Two laboratory services were
improved to extend their
measuring range in
temperature and better cover
operational CSP parameters.

Services improvement

Eight laboratory services were
compared in a round robin
test with CSP receiver
samples to evaluate their
differences and improve their
methodologies.

Services comparison

A new system has been
developed to monitor in field
emissivity of solar towers
receivers and improve their
temperature determination.

In-field prototype
SFERA-III
Solar Facilities for the European Research Area

E. Le Baron (CEA)

Outline:
• Subtask a

• Update on test bench - delayed by COVID19

Internal Meeting / WP9.2

ÎChanging of the thermal shield - adding new type K thermocouples - new calibrations - changing of wavelength range
6 grooves for TC 

measurements, except for a few flat disk samples which degraded during transport (D02A/D02B, 
S3/S4; Z: ~ -1.8). All Z-scores are lower than 2, the comparison is thus statistically satisfactory. 

Table 8. Summary of solar absorptance (αsol) results for H230 and SiC samples at RT. 

Sample CEA 
CIEMAT-

DLR  
(OPAC) 

PROMES-
CNRS 

LNEG 
CIEMAT 
Madrid 

Mean μ Stdev σ 
CV 
σ/μ 

R01A 90.4% 88.9% 90.3% 91.5% 91.0% 90.4% 1.0% 1.1% 
R01B 90.6% 89.1% 90.6% 91.6% 91.2% 90.6% 1.0% 1.1% 
D01A 90.2% 88.1% 89.8% 91.0% 91.3% 90.1% 1.3% 1.4% 
D01B 91.2% 89.9% 90.9% 92.1% 91.8% 91.2% 0.9% 1.0% 

A1 91.4% 90.0% 91.1% 92.4% 91.6% 91.3% 0.9% 0.9% 
A2 91.7% 90.4% 91.4% 92.6% 91.9% 91.6% 0.8% 0.9% 

R02A 96.2% 96.7% 96.1% 96.7% 96.5% 96.4% 0.3% 0.3% 
R02B 96.4% 96.9% 96.4% 96.8% 96.7% 96.6% 0.2% 0.2% 
D02A 96.3% 96.8% 96.2% 96.8% 91.2% 95.5% 2.4% 2.5% 
D02B 96.2% 96.7% 96.0% 96.6% 89.9% 95.1% 2.9% 3.1% 

B1 96.0% 96.5% 95.9% 96.4% 95.6% 96.1% 0.4% 0.4% 
B2 96.3% 96.7% 96.1% 96.7% 95.7% 96.3% 0.4% 0.4% 
S1 97.1% 97.4% 97.0% 97.3% 97.7% 97.3% 0.3% 0.3% 
S2 97.0% 97.4% 96.9% 97.3% 97.7% 97.3% 0.3% 0.3% 
S3 97.0% 97.3% 97.0% 97.2% 93.9% 96.5% 1.5% 1.5% 
S4 96.9% 97.3% 97.0% 97.2% 93.2% 96.3% 1.8% 1.8% 
S5 96.7% 97.1% 96.6% 97.0% 96.6% 96.8% 0.3% 0.3% 
S6 96.7% 97.2% 96.5% 97.0% 96.4% 96.7% 0.3% 0.3% 
SiC 93.3% 94.2% 92.3% 93.6% 93.9% 93.5% 1.1% 1.2% 

a) 

 

b) 

 

c) 

 

d) 
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Emissivity services The temperature ranges of reference
services for emissivity determination has
been extended for more CSP applications,
including generation 3 CSR.

SFERA-III
Solar Facilities for the European Research Area

E. Le Baron (CEA)

Outline:
• Subtask a

• Update on test bench

Internal Meeting / WP9.2

Adding Calcium-Magnesium Silicate Thermal Insulation 
Sheet Superwool 607 HT 128kg/m3 thickness = 6mm 

R01A without insulation T max = 400°CÎ with insulation
x2 (<800°C)

SFERA-III
Solar Facilities for the European Research Area

E. Le Baron (CEA)

Outline:
• Subtask a

• Update on test bench - delayed by COVID19

Internal Meeting / WP9.2

ÎChanging of the thermal shield - adding new type K thermocouples - new calibrations - changing of wavelength range
6 grooves for TC 



Services comparison Eight laboratory services were compared in
a round robin test with CSP receiver samples
to evaluate their differences and improve
their methodologies.

a) H230 samples 

 

b) SiC samples 

 

Figure 1. a) H230 sample coupons submitted for RT and OT measurements. Samples are shown upon 
return after both test campaigns. Top, from left to right: R01A, R01B, R02A, R02B, S1, S2. Middle, 
left to right: D01A, D01B, D02A, D02B, S3, S4. Bottom, left to right: A1, A2, B1, B2, S5, S6. b) SiC 
samples submitted for RT and OT measurements. Top: original samples. Bottom: Square inch samples 
cut by PROMES-CNRS for OT measurements up to 500 °C. 

2.3. Instrumentation 

2.3.1. RT measurements 

2.3.1.1. Laboratory spectrophotometers 

For RT measurements, spectral measurements are carried out from ultraviolet (UV) up to infrared (IR) 
wavelengths. This requires each participant to combine two complementary spectrophotometers. Some 
laboratory spectrophotometers and integrating sphere geometries are illustrated in Figure 2. An 
inventory of instrumentation is described in Table 3, while some spectrophotometer characteristics are 
listed in Table 4. Spectral ranges and raw dataset resolutions are summarized in Table 5. 

a)  

 

b) 

 
c) 

 

d) 

 
Figure 2. a) Perkin Elmer Lambda 1050 spectrophotometer. b) Perkin Elmer Frontier FT-IR with 
Pike Ltd Mid-IR downward looking integrating sphere. c) Geometrical configuration for the 
Lambda 950/1050 integrating sphere. d) Geometrical configuration for the Pike Ltd mid-IR 
integrating sphere. 
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Table 7). A spectral mismatch is potentially induced during measurements, 

hypothetically due to different integration sphere geometries, detector type and noise 

as well as calibration procedures. Ideally, this spectral mismatch should be 

minimized for any sample. 

a)  

 

b) 

 

c) 

 

d) 

 

Figure 4. a) Perkin Elmer Lambda 1050 spectrophotometer. b) Perkin Elmer 

Frontier FT-IR with Pike Ltd Mid-IR downward looking integrating sphere. c) 

Geometrical configuration of the Lambda 950/1050 integrating sphere. d) 

Geometrical configuration of the Pike Ltd mid-IR integrating sphere. 
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very low reflectivity of tested materials, the measurement by pyro-reflectometry was 

actually not possible. The sample temperature was thus measured by applying the 

two-color pyrometry technique with the two-color pyro-reflectometer. 

The radiance measurements are carried out with a SR 5000N spectroradiometer from 

CI Systems The measuring spot has a diameter of approx. 9 mm. The distance 

between the sample and the spectroradiometer is 1 meter. 

The spectroradiometer looks on the heated sample through a thallium-iodo-bromide 

(KRS5) window. Using an original three mirror goniometer system developed by 

PROMES-CNRS, spectral directional emittance measurements are obtained for 

several incidence angles, i.e. from 0° to 80° in steps of 10° as well as 45° and 75°. The 

spectroradiometer-goniometer optical assembly and the pyro-reflectometer were 

calibrated before the test campaign, in front of a blackbody which temperature is 

measured with a standard pyrometer. 

The spectroradiometer is equipped with a InSb – MCT sandwich detector cooled to 

77K with liquid nitrogen (LN2), superseding a MCT detector cooled by Peltier effect to 

213 K. Spectral measurements are carried out from ~ 1.34 up to 14 µm. The spectral 

resolution increases stepwise from 13 nm (1.34 -2.55 µm) to 74 nm (8.4 to 14 µm). 

 

Figure 7. Scheme of the MEDIASE experimental setup mounted at the focus of the 1 
MW solar furnace in Odeillo, France. 
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a) 

 

b) 

 

 

Figure 6. CEA laboratory setup for spectral emittance measurements at operating 
temperature. a) Benchtop optical assembly. b) Sample holder overview. 

2.3.2.2. PROMES-CNRS laboratory setup 

The PROMES-CNRS laboratory setup consists of the Nicolet 6700 FT-IR combined 

with the hemi-ellipsoid SOC 100 HDR presented in the RR-RT campaign (Section 

2.3.1). The sample to be measured is mounted onto a sample holder, which includes 

a heater which can warm the sample from room temperature up to 500°C. The sample 

SDHR is measured at ambient temperature and from 100 to 500°C. Two detectors 

are used for measurements: InGaAs (1 to 2 µm) and DTGS (2 to 26 µm). This 

measurement does not require a blackbody and the optical path is not modified. This 

setup allows measuring samples with a side length of 25.4 mm. 

2.3.2.3. PROMES-CNRS MEDIASE setup 

The MEDIASE (Moyens d’Essais et de Diagnostic pour l’Espace et l’Energie) setup is 

shown in Figure 7 and described in [14]. This setup is equipped with a turbo-

molecular vacuum pump, which allows operating under vacuum conditions. In the 

RR-OT test campaign, all experiments were performed under secondary vacuum at 

around 2.10-3 Pa. The sample is mounted at the focus of the 1 MW solar furnace and 

heated on its backside with concentrated solar radiation (up to 10 MW/m2), through 

a hemispherical silica window with a diameter of 35 cm.  

The sample is a disk with a diameter of 40 mm and 2 mm thickness, maintained in 

the water-cooled sample holder by three thin alumina needles placed every 120° 

around the sample circumference. The sample temperature is measured on the front 

side with a two-color pyro-reflectometer developed at PROMES-CNRS [15]. Given the 
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heated on its backside with concentrated solar radiation (up to 10 MW/m2), through 
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a) 

 

b) 

 
c) 

 

d) 

 

e) 

 

f) 

 

Figure 12. Solar absorptance αsol for reference H230 samples measured at room 
temperature (RT). a) oxidized H230, absolute values. b) oxidized H230, Z-score. c) 
Pyromark 2500, absolute values. d) Pyromark 2500, Z-score. e) Industrial grade 
black coating, absolute values. f) Industrial grade black coating, Z-score. 

3.1.2.1.2. Thermal emittance 

Thermal emittance εcalc(T) is calculated according to Section 3.1.1.2. Results are 

summarized in Table 13 and shown in Figure 13 and Figure 14. While thermal 

emittance is calculated for RR-RT over the range from 25 to 1000°C for later 

comparison with RR-OT, εcalc(T) values are here reported arbitrarily at 800°C. 



In-field prototype Current state of the art:
• Emissivity measured locally, time to

time, off operation
• Temperature is measured locally with

sensor arrays, or remotely with single
band IR cameras

➽ difficult continuous monitoring
➽ limited measurement performance

now

Multispectral camera with eSWIR detector
and atmospheric corrections
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Saturation output voltage Min. 0.8 V, typical 1.3 V 

Photoresponse nonuniformity Typical ± 10%, max. ± 30% 

Dark current Typical 3 pA, max. 30 pA 

Dark output nonuniformity Typical ± 0.1V, max ± 0.6 V 

Readout noise 
Typical 860 µV RMS, max. 1500 µV RMS 

Typical 242 e-, Max. 428 e- 

Dynamic range Min. 860, typical 1500 

Defective pixels Max. 1 % 

Window material Sapphire glass with anti-reflective coating 

 

Table 7. Area image sensor core specifications [27]. 

Characteristic Specifications 

Model type 96A351, compact wheel without shutter 

N° of filter positions 6 

Filter diameter 25.4 mm (1 inch) 

Internal shutter No 

Change between adjacent positions < 50 ms 

Dimensions without motor housing 147 x 98 x 28.56 mm 

Weight without BP filters 650 g 

 

 

Figure 30. Motorized filter wheel, with front cover removed. 

The shutter is used for background measurements to correct for the detector noise. 

The uncoated glass window is used for adjusting the camera focus on hot objects, as 

SFERA-III
Solar Facilities for the European Research Area

Spectral simulation tool (Radiometric chain)
• Spectral database (atmosphere, materials)

Author: Simon Caron (DLR)
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Spectral modeling software

New software model for spectrum determination:
• Receiver behavior
• Atmospheric absorption
• Camera lens transmission
• Camera detector sensitivity
➽ used to choose tradeoff for the prototype
➽ used for measurements correction
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2.2.1. Measurement principle 
The radiometric chain includes all phenomena influencing the detection of the 

radiation measured by the infrared (IR) camera. It is shown in Figure 28 for the case 

of a solar tower (CRS). Three atmospheric paths can be distinguished in this chain: 

• Path 1: Sun to heliostat 

• Path 2: Heliostat to receiver 

• Path 3: Receiver to IR camera 

The infrared camera detects a radiant power, which is a mixture of contributions from 

the receiver surface (emitted radiation), the surroundings (reflected concentrated 

solar radiation) and the atmosphere. The objective of the measurement principle is to 

map the receiver surface temperature T{x,y} and band emittance ε{x,y}(λ). 

 

Figure 28. Radiometric chain for a CRS application. 

A radiometric equation can be formulated (Eq.1) for any detector pixel {x,y}, over a 

wavelength range [λstart; λstop] defined by the bandpass filter. 

(Eq.1) 𝑆{𝑥,𝑦}(𝜆) = 𝐴 + 𝐵 + 𝐶 +𝐷 

where S{x,y}(λ) is the radiometric signal [W.m-2]. Terms A, B, C and D respectively 

correspond to the receiver surface emission (A), the reflection of concentrated solar 

radiation (B), the atmospheric emission (C) and the camera internal reflection [21] (D) 

(Eq 2-5). Terms A, B and C are weighted by the camera spectral response fcam (Eq.6). 

(Eq.2) 𝐴 = ∫ 𝛆{𝒙,𝒚}(𝛌)

λstop

λstart

. τatm,3(λ,  d3, atm). 𝐄(𝛌, 𝐓{𝒙,𝒚}). 𝑓𝑐𝑎𝑚(λ, T𝑠𝑒𝑛𝑠𝑜𝑟). dλ 



In-field prototype development 3 steps calibration and controls:
• With black body
• With samples in furnaces
• With samples at solar furnace

➽ Verification outdoor at RI solar tower

 

GA No: 823802 31.10.2023 

 

WP9, D9.2 Version 1.0 Page 52 of 103 
 

Plataforma Solar de Almeria (PSA) in Tabernas, Spain. 

The blackbody test is designed for the radiometric calibration of the prototype 

instrument. Ratio thermography is then tested under laboratory conditions with a 

custom flat metal plate heated by a muffle furnace for off-sun testing. The technique 

is then further tested outdoor with a solar furnace (dish) for on-sun testing. 

 

Figure 32. Experimental setups for testing the prototype instrument. 

2.2.4.1. Blackbody setup 

The blackbody setup is designed for the radiometric calibration of the prototype 

instrument under laboratory conditions. A Mikron M305 blackbody [27] is used as a 

reference. Blackbody core specifications are listed in Table 10. The effective emissivity 

equals 100%, while the atmospheric transmittance at 1.4 and 1.9 µm is variable. 

The prototype instrument is mounted inside the outdoor protection housing. This 

housing is mounted on a tripod for manual positioning and alignment. The prototype 

instrument is positioned at the minimum working distance, i.e. 7 meters in front of 

the blackbody aperture.  

The blackbody is first heated at 300°C. The prototype instrument is first focused, 

using the uncoated window as a filter. Once the instrument and the blackbody are 

ready for testing, the blackbody temperature setpoint is adjusted stepwise from min. 

300°C up to max. 900°C in steps of 25°C. There is an approximate delay of 30 min 

between setpoints. The image acquisition starts when the desired setpoint is reached 

within ± 0.1°C. 

Table 10. Blackbody specifications [31]. 

Characteristic Specifications 
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Inconel 617 (100 hours at 800°C), Inconel 617 coated with Pyromark 2500, Inconel 

617 and Haynes 230 coated with an industrial black coating. Sample optical spectra 

are measured at room temperature from 0.3 to 2.5 µm before dish exposure with a 

Lambda1050 spectrophotometer. 

A thermocouple is inserted in each tubular sample approx. 1 mm below its irradiated 

surface. Each of the five strings shown in Figure 34 is cooled with a blower. The 

maximum temperature setpoint is regulated for each string, first at 350°C for camera 

configuration, then from 550°C to 650°C in steps of 25°C The transition between 

setpoints lasts 5 min and each setpoint is maintained for 15 min. The blower of the 

3rd string was out of service, leading to sample overheating above 800°C. The average 

solar flux on the receiver panel is maintained at approx. 300 kW/m2. 

a) 

 

b) 

 

Figure 34. Solar furnace setup. a) Overview of dish and prototype instrument.  
b) Pristine receiver panel before soiling (early March 2022). 

The range between the prototype instrument and the receiver panel is approx. 15 

meters. However, due to the solar dish two axis tracking mechanism, the tripod 

supporting the outdoor protection housing and the prototype instrument has to be 

frequently repositioned and aligned with the receiver target during experiments, with 

a varying view angle. 

It is worth mentioning that all mounted samples were soiled during a dust storm in 

early March 2022, before experiments could be started at the solar dish furnace. 

Results and discussion 

2.2.5. Blackbody setup 

2.2.5.1. Non-Uniformity Correction 
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a) 

 

b) 

 

Figure 37. Radiometric calibration data for each BP filter applying an atmospheric 
correction, as a function of blackbody temperature and exposure time.  

a) Filter NB1386-10. b) Filter NB1912-10. 

 

Figure 38. Radiometric calibration data for the corresponding ratio thermometer 
applying NGCFatm, as a function of blackbody temperature and exposure time. 

2.2.5.3. Blackbody temperature and emissivity mapping 

Image stacks acquired for the blackbody setup are post-processed to retrieve 

temperature and emissivity maps, in order to validate the calibration and check its 

accuracy. Image post-processing is performed for each relevant exposure time 

according to defined thresholds. The resulting maps are averaged to obtain a 

synthetic image for each blackbody setpoint. 

An exemplary visualization of temperature and emissivity maps is shown in Figure 

39 for the selected filter pair, applying the atmospheric correction. The blackbody 

temperature setpoint is 600°C. Brightness temperature maps ((Figure 39.a,b) are 

derived applying the radiometric calibration for each filter, assuming a blackbody 

behavior (ε =1) and correcting for atmospheric transmittance. Both brightness maps 

are consistent with the defined blackbody setpoint. 

The ratio temperature map is derived from the registration of both filter images. Filter 
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an industrial coating, the third string Inconel 617 with an industrial coating and the 

right upper string Inconel 617 with Pyromark 2500. The third string appears 

overheated, as the corresponding blower was out of service during this experiment. 

Brightness temperature maps shown in Figure 51 are qualitatively rather plausible 

for the receiver panel. The ratio temperature map nearly isolates the receiver panel, 

as the ratio value is out of range for the surrounding ceramic shield. Boundaries 

between strings and samples are visually distinguishable, but tricky to process for 

automatic sample segmentation. 

 
Figure 51. Temperature and emissivity maps. String temperature setpoint: 600 °C. a) 

Brightness temperature, filter NB1386-10. b) Brightness temperature map, filter 
NB1912-10. c) Ratio temperature map. d) Emissivity map, filter NB1386-10.  

e) Emissivity map, filter NB1912-10. 

 

Emissivity maps are on the other hand diverging from expectations. Black coated 

samples should have a band emissivity about 95%, while the oxidized sample should 

have a band emissivity of 90%. The maps show a saturation for the overheated string 

(black coating) and a lower emissivity for inlet samples on other strings. 

Regions of interest are tentatively defined for each sample on each of the four string. 

Results are shown in Figure 52 for strings 1 and 2 and Figure 53 for string 3 and 4. 

Temperature profiles shown for brightness thermometers are in line with string 

temperature setpoints. The hierarchy is also respected, the minimum temperature is 

observed for the inlet and the maximum is either observed for the sample at the 
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Regions of interest are tentatively defined for each sample on each of the four string. 

Results are shown in Figure 52 for strings 1 and 2 and Figure 53 for string 3 and 4. 

Temperature profiles shown for brightness thermometers are in line with string 

temperature setpoints. The hierarchy is also respected, the minimum temperature is 

observed for the inlet and the maximum is either observed for the sample at the 



Solar receivers operation and lifetime
better optical temperature measurements,

better thermomechanical knowledge

Improving laboratory and
field emissivity determination,
methods and instruments

Mechanical health Optical properties
Monitoring receiver material
degradation thanks to self
emitted acoustic events

Thermography
Determining linear collectors
temperature, hence vacuum
losses, from UAV and IR cam

Accelerated aging
Improved test benches to
observe receiver degradation,
materials and properties



Future possible investigations

• Monitoring thermomechanical health of receivers:
• Data processing: clustering & id phenomenon
• In-situ demo on large scale solar tower

• Better emissivity measurements, in-situ and in-lab:
• Progress toward standardized procedures
• Reduce in-lab differences and uncertainties

• Better solar receivers temperature measurements:
• Improve calibration of IR cameras for CSP
• Improve solarblind & atm SWIR corrections

• Better process testing and efficiency measure:
• Improve concentrated flux measurements

• Better accelerated ageing services:
• Improve temperature samples determination
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